Principles of echo shifting with a train of observations was used to perform magnetic susceptibilityweighted magnetic resonance imaging with bolus-tracking in 14 patients with spondylotic myelopathy to assess changes in perfusion parameters of the spinal cord before and after decompression surgery for cervical spondylotic myelopathy. The mean transit time (MTT), bolus arrival time (T0), and time to peak (TTP) were obtained from regions of interest (ROIs) and assessed as the ratio between the spinal cord and the pons (MTT index ＝ MTT ROI /MTT pons , T0 index ＝ T0 ROI /T0 pons , TTP index ＝ TTP ROI / TTP pons ). The patients were divided into two groups according to percentage improvement on the Neurosurgical Cervical Spine Scale. The MTT index in patients with good recovery (AE50%) was significantly reduced. The T0 index and TTP index showed no significant change in both groups. Reduction of MTT index may indicate improved perfusion of the spinal cord following surgery for cervical spondylotic myelopathy.
Introduction
Cervical spondylosis is a common condition in the elderly with an incidence of 75% over the age of 50 years, 27) and over 80% based on radiological examinations in subjects over the age of 55 years. 4) Ischemia of the cervical spinal cord is considered to be a causative factor of cervical spondylotic myelopathy. 5, 26, 35, 36) Repeated trauma in association with spondylotic spur has also been suggested. 1, 2, 28) However, the reason why symptoms associated with cervical spondylotic myelopathy are reversible in many patients has not been elucidated.
Perfusion is defined as the passage of blood through the tissues, which includes flow in the capillary bed as well as the arterioles and venules. 12, 17) Perfusion parameters have been extensively investigated to assess ischemia in the central nervous system. 9, 13) Theoretically, information about perfusion of the spinal cord can be useful to understand the pathophysiology of myelopathy. Nevertheless, these parameters are not easily evaluated because of the limited spatial resolution due to the anatomical relationship of the spinal cord with the surrounding structures, i.e., air in the trachea, movement of the throat and/or esophagus, and blood flow in the vertebral arteries. 17) Principles of echo shifting with a train of observations (PRESTO) is a novel magnetic resonance (MR) imaging technique used to acquire susceptibilityweighted (T 2 * -weighted) sequences, 21) and can be defined as a segmented gradient-echo echoplanar imaging (EPI) method using the echo-shifting principle. 7) The advantage of PRESTO is that, unlike EPI, the image resolution is much better despite drastic T 2 * changes and frequency shifts. 12) The present study assessed perfusion parameters in the spinal cord of patients with cervical spondylotic myelopathy before and after decompression surgery.
Materials and Methods
Fourteen patients, eight men and six women aged 47 to 78 years (mean ± standard deviation 58.6 ± 8.67 years), with myelopathy were included in this study ( Table 1 ). The Neurosurgical Cervical Spine Scale (NCSS) is a grading and scoring system to assess neurological function in patients with degenerative cervical spine disease. Neurological status was evaluated by measuring motor function of the upper and lower extremities, sensory function, and radicular or non-radicular pain. Motor function varies from total disability (score 1) to normal (score 5). The sensory function varies from severe disturbance (score 1) to normal (score 4) ( Table 2) . 18) The patients were divided into two subgroups depending on the percentage improvement in NCSS, AE50% (Group I, Cases 1-11) and º50% (Group II, Cases 12-14). All patients gave informed consent in writing and the study protocol was approved by the University of Tsukuba Hospital and Kennan Hospital Institutional Review Board.
MR imaging was performed with a 1.5 T clinical scanner (Gyroscan ACS-NT; Philips Medical Systems, Best, The Netherlands) with a standard neck coil. Perfusion images were obtained with a T 2 * -weighted pulse sequence, which was based on the PRESTO method. 21) The pulse sequence used repetition time/echo time 18/26.5 msec, flip angle of 89 , slice thickness of 4 mm, and a matrix of 256 × 128. The field of view was 220 mm. Sixty-four dynamic scans were acquired with a time resolution of 1.9 seconds. A bolus of gadolinium-diethylenetriaminepenta-acetic acid-bismethylamide (Gd-DTPA-BMA) (Omniscan  ; Nycomed Inc., Princeton, N.J., U.S.A.) was administered via an 18-gauge antecubital venous catheter with an automated injector at 3 ml/sec followed by a saline flush of 20 ml. The total amount of Gd-DTPA-BMA was 0.2 nmol/kg (15 ml) of body weight.
Regions of interest (ROIs) were selected using the The height of two vertebral bodies was determined as one ROI of the spinal cord and three ROIs were selected within the spinal cord. An ROI in the pons was also selected as a reference point (Fig. 1) . The mean transit time (MTT), bolus arrival time (T0), and time to peak (TTP) were obtained as the first movement time. The ratio of parameters between the pons and ROI was calculated as follows:
where MTT ROI ＝ median MTT at ROIs 1-3; T0 ROI ＝ median T0 at ROIs 1-3; TTP ROI ＝ median TTP at ROIs 1-3; and MTT pons , T0 pons , and TTP pons ＝ MTT, T0, and TTP at the pons, respectively. All data were transferred to a workstation (Easy Vision 4.0; Philips Medical Systems) to calculate the perfusion parameters.
Correlation between preoperative duration of symptoms and postoperative neurological improvement was assessed using Spearman's rank correlation coefficient. Differences in perfusion parameters between preoperative and postoperative examinations were assessed using Wilcoxon's signed-rank test. Differences with a p value of º0.05 were considered significant.
Results
All patients showed improvements in NCSS score except one patient (Case 14). There was no correlation between preoperative duration of symptoms and postoperative neurological improvement (p ＝ 0.37, Spearman's rank correlation coefficient). There were no statistical differences between the two subgroups in preoperative NCSS score, age, or sex ( Table 1) .
The pre-and postoperative MTT index, T0 index, and TTP index were compared ( Table 3 ). The MTT index was significantly shortened in Group I (p ＝ 0.021, Wilcoxon's signed-rank test) (Fig. 2) . The MTT index was also shortened following surgical decompression independently of the NCSS score (p ＝ 0.026, Wilcoxon's signed-rank test). The preand postoperative MTT index was shortened in each ROI, but not significantly (Wilcoxon's signed-rank test) ( Table 4) . 
Discussion
Methods for the measurement of perfusion can be divided into two main schemes: monitoring tissue signal changes using exogenous (injectable) contrast agent, and monitoring tissue signal changes using an endogenous contrast agent. 23) Gd chelate is an exogenous MR contrast agent, and is regarded as a non-diffusible agent. 12) Rapid injection of Gd causes shortening of T 2 * relaxation time (susceptibility effect) and shortening of T 1 relaxation time (relaxivity effect). 17, 23) However, the relaxivity effect is relatively small compared with the susceptibility effect, because relaxivity affects only protons in the vicinity of the intravascular contrast agents, which is only about 5% of the whole brain volume. 17) The susceptibility effect results in signal loss from the protons around the vessels. Diffusion causes 60% of the protons in the tissue to suffer the susceptibility effect in the presence of Gd. 12) This transient decrease of the signal intensity on T 2 * -weighted images can be applied to the indicator dilution theory. 32) The change in the signal intensity on T 2 *-weighted images can be expressed as the change in the effective regional transverse relaxation rate following the``first pass'' of the contrast agent. 23, 24) The measured change in the effective regional transverse relaxation rate is not at the outlet but within the tissue, so the calculated MTT must be a relative value (apparent MTT). 12) However, calculating the ratio between two regions allows the comparison of two different ROIs. 12) In our study, perfusion parameters were represented as the ratio between the values in the ROI and the pons on the same plane.
Repetitive compression results in intermittent ischemia in the affected spinal cord which in turn leads to myelopathy. 2) Changes in vascular structures have also been described. 35) However, experimentally induced ischemia in the spinal cord is very different to the pathophysiological condition and is not chronic. Most experimental studies are acute or subacute in design. The method of compression involves an anterior metal screw 11, 16) and/or posterior laminotomy. 33) A model of combined anteroposterior compression has also been developed to simulate cervical spondylosis. 2) The relationship between chronic compression and vascular insufficiency is still under discussion.
Spinal cord blood flow (SCBF) has been well documented in acute spinal cord trauma. 19, 34) Regional SCBF (rSCBF) in the gray matter declines or is nearly obliterated after severe spinal cord injury. 3, 8, 14, 30) rSCBF in the peripheral white matter shows wide variation, depending on the severity of the trauma, timing of the acquisition of data, and methods of measurement. 6, 25, 30, 31) rSCBF remained unchanged after decompression of the spinal cord in a canine model of chronic compression. 2, 15) However, this model has limitations because of the K. Uemura et al.
anatomical differences between quadruped dogs and biped humans, and the absence of a dynamic compression effect. An anteriorly placed screw causes rigid compression rather than repeated bulging. A posteriorly placed washer acts only as a static compression device, unlike the human ligamentum flavum which can infold during extension. 2) This dynamic compression is a source of repetitive trauma, which results in vascular insufficiency of the affected spinal cord. 1, 2) Marked improvements in rSCBF were observed immediately after drainage of the syrinx in patients with syringomelia, 22, 38) based on laser Doppler flowmetry (LDF) during syrinx shunting. 22) LDF allows real-time monitoring of regional blood flow and can be used intraoperatively. 20) Although comparison of the degree of compression is impossible between spondylosis and syringomyelia, decompression of the spinal cord can affect the microcirculation of the spinal cord.
Most studies of rSCBF are performed over a relatively short period of several minutes to weeks. 10, 11) rSCBF data in humans has also been obtained perioperatively. 22, 38) Our technique can be performed at the same time as routine pre-and postoperative MR imaging. When a patient deteriorates clinically but shows no radiological changes, the possibility of changes in the perfusion of the spinal cord should be assessed, which may provide valuable information to clarify the pathophysiology of the spinal cord with myelopathy. This is an advantage of our method to evaluate perfusion data in a long-term follow-up study.
Ischemia of the spinal cord is considered to be an important factor in the progress of cervical spondylotic myelopathy. 5, 26, 35, 36) The present study showed a significant decrease in the MTT of the spinal cord in patients with AE50% improvement following decompression. This decrease in MTT may indicate improvement of perfusion, as seen in brain ischemia. 24, 29) In this study, the patients were divided into two subgroups on the basis of whether their percentage improvement in NCSS was more or less than 50%. This subdivision was determined by our previous clinical study. 37) Because of the small sample size, the correlation between the clinical outcome and the reduction of the MTT index was not conclusive.
The T 2 *-weighted pulse sequence, or perfusionweighted imaging, provides information on tissue perfusion following bolus infusion of a paramagnetic contrast agent. 12, 17) This technique can also be applied to evaluate perfusion of the spinal cord. The present study showed that reduction of the MTT index is an indicator of improved perfusion of the spinal cord after surgical decompression for cervical spondylotic myelopathy. This method can provide information on spinal cord perfusion, specifically on the changes after decompression without direct exploration of the spinal cord.
Commentary
Spinal cord dysfunction in cervical spondylotic stenotic myelopathy is due to repeated trauma and ischemia. Many of us have put forth indirect data to support such a thesis. Uemura et al. have now provided further documentation supporting not only the ischemia etiology, but also that recovery is dependent on reversing the ischemia and on reducing mean transit time of the blood flow in the spinal cord. Even though they studied only 14 patients, the data is excellent. Using novel magnetic resonance imaging (MRI) techniques on T2-weighted images with Gd bolus injections, the 11 patients that improved by 50% K. Uemura et al. or more after operative decompression had increased perfusion as measured by a decreased mean transit time. Other disease entities such as syringomyelia and trauma involve ischemia as important in the etiology of the disease progression. And with operative decompression and spontaneous recovery, there is increased blood flow and more effective perfusion with a drop in transit time. 2, 3) I don't believe we need to carry out these special MRI bolus studies in every patient, but the researchers need to continue their work. In the badly damaged patients we treat, maybe we should have these studies for the prognosis and for increased understanding in the global treatment of these patients. In operative care, we have learned the hard way to prevent any kind of hypotension (or decreased perfusion pressure) in our surgical patients. 1) Again we are trying to maintain perfusion to an already ischemic cord.
